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Although there is evidence that caveolae and cholesterol play an important role inmyocyte signallingpro-
cesses, details of themechanisms involved remain sparse. In this paper we have studied for the ﬁrst time
the clinically relevant intact coronary artery and measured in situ Ca2+ signals in individual myocytes
using confocal microscopy. We have examined the effect of the cholesterol-depleting agents, methyl-
cyclodextrin (MCD)andcholesterol oxidase, onhighK+, caffeineandagonist-inducedCa2+ signals.Weﬁnd
that cholesterol depletion produces a stimulus-speciﬁc alteration in Ca2+ responses; with 5-HT (10M)
and endothelin-1 (10nM) responses being selectively decreased, the phenylephrine response (100M)
increased and the responses to high K+ (60mM) and caffeine (10mM) unaffected. Agonist-induced Ca2+ascular smooth muscle
oronary artery
holesterol
ipid rafts
signals were restored when cholesterol was replenished using cholesterol-saturated MCD. In additional
experiments, enzymatically isolated myocytes were patch clamped. We found that cholesterol deple-
tion caused a selective modiﬁcation of ion channel function, with whole cell inward Ca2+ current being
unaltered, whereas outward K+ current was increased, due to BKCa channel activation. There was also a
signiﬁcantdecrease in cell capacitance. Thesedataarediscussed in termsof the involvementof caveolae in
entrreceptor localisation, Ca2+
. Introduction
Lipid rafts are highly dynamic, cholesterol and sphingolipid-
nriched domains that compartmentalize cellular processes [1,2].
he high concentration of cholesterol results in a region more
ordered’ and less ﬂuid than the surrounding membrane. While
here may be speculation about the exact physical nature of rafts
3], it is accepted that they have associated with them (or excluded
rom them) a range of signalling components, including ion chan-
els, receptors and enzymes, and hence the interest in them as
odulators of contractility [2,4]. Caveolae, 50–100nM ﬂask-like
nvaginations of the surface membrane, may be regarded as a type
f raft where the structure is stabilized by proteins from the cave-
lin and cavin families [5–7] and are abundant in vascular smooth
uscle. Depletion of cell membrane cholesterol disrupts caveolae
nd may lead to alterations in cell signalling.
Given the importance of the coronary artery to health and the
ssociationofhypercholesterolemiawithatherosclerosis, endothe-
ial dysfunction and impaired vascular smooth muscle function
8–10], it is of interest and signiﬁcance to determine the effects
∗ Corresponding author. Tel.: +44 151 7945329; fax: +44 151 7945321.
E-mail address: c.prendergast@liv.ac.uk (C. Prendergast).
1 Tel.: +44 151 7945329; fax: +44 151 7945321.
143-4160 © 2009 Elsevier Ltd. 
oi:10.1016/j.ceca.2009.11.009
Open access under CC BY-NC-ND license.y pathways and SR Ca2+ release, and the role of these in agonist signalling.
© 2009 Elsevier Ltd. 
of cholesterol manipulation on this vessel. Additionally, while
coronary vessels may share many properties with others in the
vascular system, they exhibit speciﬁc adaptations to their spe-
cialized location; for example, the orientation of smooth muscle
cells within the coronary artery differs from most other vessels
in that there are irregularly orientated oblique bundles, believed
to convey increased resistance against the stretch which occurs
with each heart beat [11]. It has also been reported that coronary
endothelial cells possess distinct properties compared with other
vascular beds [12]. Therefore clearly in order to better understand
the contractility and regulation of coronary smooth muscle, there
is a need to study the coronary vasculature itself, rather than mak-
ing assumptions based on comparisons with smooth muscle from
other vascular beds.
In addition, much previous work investigating lipid rafts and
vascular Ca2+ signalling has been carried out on isolated myocytes,
which may not respond to agonists as they would in intact tissue,
or used globalmeasurements of Ca2+, thusmasking any differences
in responses between myocytes. We have therefore used confocal
microscopy to determine the effects of cholesterol manipulation in
Open access under CC BY-NC-ND license.single myocytes but from intact coronary artery preparations.
In this study we have examined the effects of methyl-
cyclodextrin (MCD) and cholesterol oxidase, cholesterol-depleting
agents, on agonist-induced and caffeine and high K+ stimulated in
situ [Ca2+]i signalling in Fluo-4 loaded rat coronary arterymyocytes
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roman intactpreparation, usingconfocalmicroscopy. Inadditional
xperiments, enzymatically isolatedmyocyteswere patch clamped
nd the effects of MCD and Ca2+-activated K+ channel blockers on
hole cell outward K+ and inward Ca2+ current were examined.
odulation of cell membrane cholesterol altered coronary artery
yocyteCa2+ signalling in a stimulus-speciﬁcmanner anddifferen-
ially regulated ion channel function, indicating the importance of
holesterol and caveolae in the maintenance of myocyte signalling
rocesses.
. Materials and methods
.1. Confocal microscopy
Wistar rats (150g) were anaesthetized (CO2) and humanely
illed by cervical dislocation in accordance with Schedule 1 of
he UK Animals (Scientiﬁc Procedures) Act of 1986. The heart
as placed into a modiﬁed Krebs solution of composition (mM):
aCl 130, KCl 5.8, MgCl2 1.2, HEPES 10, glucose 8, and CaCl2 2.5
adjusted to pH 7.4). The septal coronary artery (4–6mm) was
issected, cleared of adhering tissue and incubated with 20M
luo-4 AM for 3h at room temperature in the presence of 0.25%
f the non-ionic detergent Pluronic F-127. The tissue was then
laced in Krebs solution to allow de-esteriﬁcation of the dye.
essels were mounted under a small amount of isometric ten-
ion between two ﬁxed aluminium foil clips at the bottom of the
hamber, on the stage of an Olympus inverted microscope and
aintained at room temperature. Experiments were performed
sing an Ultraview LCI spinning (Nipkow) disc, wideﬁeld confo-
al microscope (PerkinElmer, Cambridge, UK), equipped with an
rca ER cooled CCD camera (Hamamatsu Photonics, UK) and a 60×
ater immersion objective (N.A. 1.20).Meanﬂuorescence intensity
as measured on-line from regions of interest drawn over individ-
al cells usingUltraView software.Movement artefactswere rarely
problem when measuring from individual cells in a vessel under
sometric tension.Many of the contractile stimuli applied to the tis-
ues produced non-synchronous Ca2+ waves in only a subset of the
ells under observation and overall showed minimal movement.
f substantial movement occurred, measurements were not made.
he numerical data obtained were saved to an ASCII ﬁle for fur-
her analysis using Origin 7.0 software. The peak amplitude of the
Ca2+]i signal was expressed as normalised pseudo ratio of Fluo-4
uorescence (F/F0).
.2. Electrophysiology
For cell isolation, the heart was placed into ice cold Hanks solu-
ionof the followingcomposition (mM):NaCl137,KCl5.6,Na2HPO4
.42, NaH2PO4 0.44, MgCl2 1, HEPES 10, NaHCO3 4.2, glucose 8, and
aCl2 2 (adjusted to pH 7.4 with NaOH) and the septal coronary
rtery dissected as before. Smooth muscle cells were isolated as
ollows: arteries were placed in low Ca2+ (100M) Hanks solu-
ion containing 1.2mg/ml papain (pre-activated with 1mg/ml DTT
or 5min at 35 ◦C) and incubated at 35 ◦C, for 15min. Arteries
ere transferred to low Ca2+ Hanks solution containing 1.2mg/ml
ollagenase and 1mg/ml hyaluronidase and incubated for 10min
35 ◦C). The vessel was dispersed with gentle trituration using a
re-polished micropipette in Ca2+-free Hanks solution, contain-
ng 1mg/ml BSA. Cells were maintained in Ca2+-free solution at
◦C until required (0–5h). Only spindle-shaped cells were used in
xperiments.
Transmembrane ionic currents were studied using the conven-ional patch clamp technique. Patchpipetteswerepulled fromthick
alled borosilicate glass capillaries (Harvard Apparatus, UK) using
PP830 puller (Narishige, Japan) and the tips were heat-polished
sing a MF830 micro-forge (Narishige, Japan) to achieve 3–6M
esistance. Patch pipettes were ﬁlled with a solution containingcium 47 (2010) 84–91 85
(mM) KCl 130, NaCl 15, MgCl2 0.3, HEPES 10, ATP 7, EGTA 0.005
(pH adjusted to 7.2 with KOH) for measurement of outward cur-
rent. For inward Ca2+ current measurements, Cs+ replaced K+ in
the pipette. Whole cell currents were recorded using the EPC-9
patch clamp ampliﬁer controlled by the Pulse software (HEKAElek-
tronik, Germany). During the experiment, cells were superfused
with physiological saline solution at room temperature and held
at −70mV holding potential. Current–voltage curves were con-
structed from the peak outward currents recorded in response to
voltage pulses ranging from −60 to +70mV in 10mV increments.
Cell capacitance and access conductance were measured and cor-
rected automatically before each sweep. Whole cell currents are
expressedas currentdensity (peak current/cell capacitance, pA/pF).
Additionally, the effect of selective antagonists was assessed using
a protocol where cells were repeatedly depolarised to +50mV
for 750ms, from a holding potential of −70mV, at 20 s intervals,
allowing outward current and cell capacitance to be monitored
continuously with time.
2.3. Cholesterol manipulation
Membrane cholesterol was extracted using methyl-
cyclodextrin (MCD), a cyclic oligosaccharide which sequesters
cholesterol as previously described [13–15] or using cholesterol
oxidase. In intact tissues, 15mM MCD dissolved in physiological
solution (2% MCD) was applied to the tissue for 10min at room
temperature, followed by a 20min washout period, which has
been shown to lower cholesterol by approximately 30% [15].
Agonist responses were compared before and after MCD applica-
tion. The effect of cholesterol oxidase (2U/ml), also dissolved in
physiological solution, was examined in the same way. Control
experiments were carried out to ensure the repeatability of the
agonist responses. Membrane cholesterol was replenished by
applying cholesterol-saturated MCD (0.5%) to the tissue for 10min
at room temperature.
On isolated cells, 2%MCD solution was applied to the cell under
study for a period of 10min at room temperature. In one proto-
col, a control I–V curve was obtained, followed byMCD exposure, a
5min washout period and a second I–V curve was recorded. Alter-
natively, the protocol of repeated depolarisations to +50mV, at 20 s
intervals was used, allowing outward current and cell capacitance
to be monitored continuously with time. Control recordings were
taken for 2min, followed by continued recordings during a 10min
MCD exposure.
The effectiveness of MCD was compared at both room temper-
ature and at 30 ◦C in the isolated smooth muscle cell preparations.
Under both conditions, identical results were obtained (data not
shown). Therefore, room temperature was chosen for the sub-
sequent experiments, since the integrity of the isolated cells
was preserved for longer periods than at the higher tempera-
ture, allowing the more lengthy voltage clamp protocols to be
completed.
2.4. Drugs and solutions
Unless otherwise speciﬁed, chemicals were obtained from
Sigma (UK). Pluronic F-127 and Fluo-4 AM were obtained from
Invitrogen. A stock solution of TRAM-34 (10mM) was prepared in
DMSO and apamin (1mM)was prepared in 0.05M acetic acid. Both
were diluted in physiological salt solution as required. All other
compounds were made in aqueous solution.2.5. Statistics
Data are presented as mean± SEM, where n=number of cells
tested from a minimum of three coronary arteries. The Student t-
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est was used for statistical comparisons. A value of P<0.05 was
onsidered signiﬁcant.
. Results
.1. Effect of agonist stimulation
Isolated intact segments of coronary artery were stimulated
ith 5-HT (10M), endothelin-1 (ET-1, 10nM) and phenylephrine
PE, 100M) and the resulting Ca2+ transients were measured in
ndividual smooth muscle cells within the intact vessel wall. In a
eries of control experiments we validated the use of sequential
gonist applications. We found that the Ca2+ signals generated by
T-1 and PE were reversible and repeatable (Fig. 1Ai and ii), with
o signiﬁcant differences between applications. The response to
-HT showed some desensitisation; the peak response to 10M
as reduced by 35.7±7% (n=21) in the second administration
Fig. 1Aiii). Therefore in the following experiments the effect of
holesterol extraction on 5-HT was evaluated in paired experi-
ents by comparing the resulting change in Ca2+ signal with the
eduction in signal produced by the second control application of
-HT.
.2. Effect of cholesterol extraction
Endothelin-1 produced a relatively slowly developing rise in
a2+ which reached a plateau during a 2–3min application. Incuba-
ion with MCD greatly reduced this response, as shown in Fig. 1Bi
typical of 26 other cells) and produced a mean inhibition of
6.6±4%. Phenylephrine (100M) produced a more rapid rise in
a2+, attaining a plateauwithin 30 s to 1min.MCD-induced choles-
erol extraction led to a small but signiﬁcant increase in the PE
esponse, as shown in Fig. 1Bii (21.3±8% increase, n=17, P=0.044).
pplication of 5-HT also produced a rapid rise in Ca2+ that reached
peak within 20 s. Incubation with MCD greatly reduced the 5-
T response, producing a signiﬁcant inhibition of 76.3±5% (n=20,
ig. 1. Experimental traces showing (A) sequential application of agonist (i) 10nM ET-1
CD and (C) the effect of cholesterol depletion with cholesterol oxidase, on the responseFig. 2. Meandata showing theeffectof cholesteroldepletion (usingMCDandcholes-
terol oxidase) on the response of coronary artery myocytes to 10nM ET-1, 100M
PE and 10M 5-HT. ***p<0.0001 and *p<0.05.
Fig. 1Biii). These data show that incubation with MCD leads to an
agonist-speciﬁc alteration in myocyte Ca2+ signalling. The mean
data for all three agonists are represented in Fig. 2.
Cholesterol oxidase (2U/ml) was used as an alternative method
of reducing cholesterol content, and representative traces are
shown in Fig. 1C. Mirroring the effect of MCD, this treatment also
caused a signiﬁcant inhibition of the 5-HT (53.9±4%, n=22) and
ET-1 (66.0±4%, n=14) responses and little changewith PE (n=22).
The degree of inhibition was less striking than with MCD, presum-
ably because cholesterol oxidase was unable to achieve the same
degree of caveolar disruption within the time frame of the experi-
ment. The mean data are shown in Fig. 2. Subsequent experiments
were performed using 5-HT.
3.3. Cholesterol replenishment
In order to test the speciﬁcity and reversibility of choles-
terol extraction with MCD, cholesterol was replenished using
cholesterol-saturated MCD (0.5%). As shown in Fig. 3A, MCD sig-
niﬁcantly decreased the Ca2+ response to 5-HT as expected, but
subsequent responsiveness to 5-HT could be restored after choles-
terol was added back (in 4 of 16 cells, full restorationwas achieved;
, (ii) 100M PE and (iii) 10M 5-HT. (B) The effect of cholesterol depletion using
of coronary artery myocytes to (i) 10nM ET-1, (ii) 100M PE and (iii) 10M 5-HT.
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n the response of coronary artery myocytes to 10M 5-HT and (B) effect of
holesterol-saturated MCD alone on the response of coronary artery myocytes to
0M 5-HT.
ean restoration of 50.0±9%, n=16). Application of cholesterol-
aturated MCD alone had no effect on the 5-HT response (Fig. 3B,
3.4±8% inhibition, n=27, not signiﬁcantly different when com-
ared to the second application of 5-HT in the control experiment,
5.7±7%). These data suggest that the inhibition seen with MCD is
ue to cholesterol extraction and lipid raft disruption, rather than
non-speciﬁc effect of MCD.
.4. Removal of extracellular calcium
Agonists can affect both Ca2+ release from the sarcoplasmic
eticulum (SR) and extracellular Ca2+ entry. The 5-HT response
as therefore also examined in Ca2+-free extracellular solution
2mM EGTA) or after treatment with nifedipine (10M), in order
2+ 2+o eliminate Ca entry through L-type Ca channels. The effects
f cholesterol depletion on SR Ca2+ release and Ca2+ channel entry
rocesses were examined. Nifedipine inhibited the 5-HT maximal
esponseby58.5±5% (n=17, Fig. 4A). This concentrationofnifedip-
ne was sufﬁcient to inhibit the response to high K+ (60mM) by
ig. 4. Experimental trace showing (A) the effect of 10M nifedipine on the response t
esponse to treatment with MCD.Fig. 5. Experimental trace showing (A) theeffect ofMCDon the responseof coronary
artery myocytes to 60mM high K+ solution and (B) the effect of 10mM caffeine on
[Ca2+]i in the presence and absence of extracellular Ca2+. The Ca2+-free solution was
perfused for 5min prior to addition of caffeine.
80% (data not shown). The nifedipine-resistant portion of the 5-HT
response was inhibited a further 63.5±6% (n=15) in the presence
ofMCD(Fig. 4B). Similarly, a72.3±4% (n=32) inhibitionof themax-
imal response to 5-HT was observed under Ca2+-free conditions.
The remaining 5-HT response, that demonstrated resistance to the
lack of extracellular Ca2+, was also inhibited upon treatment with
MCD (78.2±6% inhibition, n=15).
3.5. Caffeine and high K+
Intact segments of coronary arterywere stimulatedwith 60mM
high K+ or 10mM caffeine using the protocol described above for
agonists, and the resulting Ca2+ transients measured in individual
smooth muscle cells within the vessel wall. The response to high
K+ was reversible and repeatable, with no signiﬁcant difference
between the ﬁrst and second application (n=21, data not shown).
2+ +Incubation with MCD did not alter the Ca response to high K
stimulation (Fig. 5A, 7.4±13% increase, n=16). Caffeine produced
a brief and rapid rise in Ca2+ as shown in Fig. 5B. This response was
also both reversible and repeatable with no signiﬁcant difference
between theﬁrst and secondapplication (8.3±5% inhibition,n=15,
o 10M 5-HT and (B) the susceptibility of the nifedipine-resistant portion of the
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urrent generated by a +50mV depolarisation in the absence and presence of MCD.
ata not shown). Application of MCD did not signiﬁcantly alter the
esponse to caffeine (1.8±4% inhibition, n=26, data not shown).
he effect of caffeine was also evaluated in Ca2+-free extracellu-
ar solution (2mM EGTA) in order to better examine the effects of
holesterol depletion on Ca2+ release from the intracellular stores.
nder these conditions, MCD still had no effect on the caffeine
esponse (8.5±7.4%, n=28, Fig. 5B), suggesting little effect of MCD
n SR Ca2+ release.
.6. Electrophysiology
The effect of MCD was also evaluated in electrophysiological
tudies on freshly isolated coronary arterymyocytes.WhenCs+ was
sed in the pipette solution (instead of K+), no outward currentwas
pparent. A small inward current (2.1±0.1pA/pF) was observed,
eaking at 0mV and sensitive to inhibition with nifedipine and
otentiation with Bay K8644 (n=4, data not shown). Experiments
valuating the effect of cholesterol extraction were carried out in
he presence of 1M Bay K8644. Treatment with MCD for 10min
id not signiﬁcantly alter the inward current over the entire volt-
ge range tested, as shown in Fig. 6A (peak current at 0mV: control
.66±0.8pA/pF versus 2.65±0.4pA/pF, n=3).
In voltage clamp experiments where cells were dialysed with
+-containing pipette solution, a large, sustained whole cell out-
ard currentwas elicited fromcells exposed topulses ranging from
20mV to +70mV. Extraction of membrane cholesterol with MCD
ed to a signiﬁcant increase in the whole cell outward current and
signiﬁcant decrease in cell capacitance. Fig. 6B shows selectedraces recorded from the same cell in response to +50mV voltage
lamppulses under control conditions and after cholesterol extrac-
ion. Fig. 6C andD shows themeaneffect ofMCDon cell capacitance
nd outward current, respectively. Cell capacitance was measured
efore each voltage sweep, allowing it to be monitored through-CD. (B) Representative traces, recorded from the same cell, showing the outward
fect of MCD on outward K+ current and (D) Effect of MCD on cell capacitance.
out the time course of the experiment. We used paired t-tests
to compare the capacitance of every cell before and after deple-
tion of cholesterol. Size variations between cells meant there was
cell-to-cell variation in capacitance. However, paired comparisons
revealed a statistically signiﬁcant decrease in cell capacitance after
cholesterol depletion (Fig. 6D, n=18, P<0.0001). Control superfu-
sion of cells with physiological saline solution instead of MCD for
10min produced no change in cell capacitance (Fig. 6D). Similarly,
a paired t-test was used to compare the outward current gener-
ated by each cell before and after 10min treatment with MCD and
demonstrated a signiﬁcant increase of 2.5±0.4-fold (Fig. 6C, n=6,
P=0.012). Again, control superfusion of cells with physiological
saline solution instead of MCD for 10min produced no change in
outward current.
MCD has been reported to elevate basal intracellular Ca2+ [16].
Therefore, in order to determine whether this elevation of out-
ward current in the presence of MCD is due to activation of
Ca2+-dependent K+ currents, we examined the effects of 3 selective
channel blockers: iberiotoxin (100nM) to block large conductance
(BKCa) channels, TRAM-34 (100nM) to block intermediate con-
ductance (IKCa) channels and apamin (100nM) to block small
conductance (SKCa) channels. The main protocol used to assess the
inhibitory nature of these antagonists involved pre-treatmentwith
the blocker and then a challenge with MCD. We also conﬁrmed
the result by using MCD ﬁrst to increase outward current and then
applying the blocker on top. Iberiotoxin pre-treatment signiﬁcantly
inhibited the increase in outward current observed with MCD
(2.42±0.28-fold, n=11 versus 1.37±0.16-fold, n=5, P=0.029).
When cholesterolwas depletedwithMCDﬁrst, iberiotoxin entirely
ablated the MCD-induced increase in outward current (Fig. 7A,
n=3). TRAM-34 failed to alter the increase in K+ current observed
with MCD using either protocol (Fig. 7B, 2.42±0.28-fold versus
1.97±0.21-fold, n=5, P=0.32). Similarly, apamin failed to alter the
C. Prendergast et al. / Cell Calcium 47 (2010) 84–91 89
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Iig. 7. (A) Representative traces, recorded from the same cell, showing that the in
ean data showing the effects of 100nM iberiotoxin, 100nM TRAM-34 and 100nM
ncrease in K+ current observed with MCD (Fig. 7B, 2.42±0.28-
old versus 2.1±0.23-fold, n=5, P=0.43). It was conﬁrmed that
he DMSO and apamin vehicle controls had no effect on outward
urrent.
. Discussion
In this study we manipulated the cell membrane cholesterol
ontent of in situ coronary artery myocytes, using MCD or choles-
erol oxidase, and observed stimulus-speciﬁc alteration in the
Ca2+]i responses. The Ca2+ rises in responses to 5-HT and ET-1
ere signiﬁcantly reduced when cholesterol levels were lowered,
hereas the responses to PE, caffeine and high K+ were not. Choles-
erol extraction also caused a selective modiﬁcation of ion channel
unction,with L-typeCa2+ channel activity unchanged, butK+ chan-
el function signiﬁcantly increased due to BKCa channel activity.
e found no evidence for loading of the SR or change in ryanodine
eceptor-mediated (RyR) Ca2+ release processes. A large variety of
ignallingproteins relevant to thecontractileprocess areassociated
ith caveolae; such as, GPCRs [16–18] and ion channels [19–22],
nd as such, are susceptible to the modulation of cholesterol. We
uggest that the differences in agonist responses are a consequence
f the different signalling cascades as well as caveolar and non-
aveolar localisation of receptor subtypes.
Treatment with MCD selectively extracts cholesterol from the
lasma membrane [13–14] and leads to the disruption of caveo-
ae, which importantly may be reversed by the replenishment of
holesterol [15,23,24]. As a cholesterol-extracting agent, MCD has
een widely used to evaluate the role of lipid rafts/caveolae in var-
ous biological systems and more recently, its effects on smooth
uscle contraction have been demonstrated [15,16,23,25–28]. As
e show here for coronary artery and in agreement with the pre-
ious studies noted above, the effects of MCD are both selective
nd reversible. They are also similar, we show, to those of the
ore slowly acting cholesterol oxidase. The decrease we found in
embrane capacitance with MCD is consistent with removal of
aveolae from the myocyte membrane; previously demonstrated
t the electronmicrographic level [16,23,29] and by internalisation
f dextran-conjugated ﬂuorescent indicators [27]. Thus, although
holesterol depletion may have other effects, we conclude that the
ppropriateness of MCD for investigating the effects of cholesterol
anipulation and caveolae disruption has been demonstrated.
lthough previous studies have examined the effects of MCD in a
umber of blood vessels, this is the ﬁrst study on coronary arteries.
n addition there is only one other paper [16] that has investigatedin outward K+ current induced by MCD is blocked by 100nM iberiotoxin and (B)
in on MCD-induced increases in outward K+ current.
changes in Ca2+ signals in single myocytes in situ. Given the impor-
tance of the coronary circulation, the changes that can occur with
isolation of single cells and the difﬁculties of interpreting global
(photometric) Ca2+ signals, our data add signiﬁcant insight to pre-
vious studies.
Before considering the data obtained with the three different
agonists, we will discuss the mechanistic ﬁndings from measur-
ingmembrane currents andmanipulating Ca2+ entry. The response
of these coronary artery myocytes to high K+ depolarisation was
impervious to MCD treatment, suggesting that L-type Ca2+ chan-
nel function was unaltered. Measurements of inward current also
showed no effect of MCD treatment even when augmented with
Bay K8644, and over the entire voltage range studied. Thus direct
effects on L-type Ca2+ channels do not appear to underlie the
effects of MCD, although indirect effects subsequent to increased
outward current appear likely as discussed next. The whole cell
outward K+ current was strongly potentiated by MCD at voltages
positive to −30mV, an effect we found to be mediated by BKCa
channels. These data are consistent with those produced in arte-
rial smoothmuscle cells fromcaveolin-1 knockout (Cav-1−/−)mice,
where outward current was enhanced in the knockout compared
to control [30]. There are reports of caveolar localisation for BKCa
channels, although the effects appear to be tissue-speciﬁc [27,31].
That outward current increases when cholesterol is depleted and
caveolae/lipid rafts are disrupted, suggests that the localisation of
K+ channel subunits to these membrane domains may be a mech-
anism by which K+ channel function is limited and regulated. A
similar regulatorymechanismhas been proposed for eNOS [32,33];
although it is notable that in this example cholesterol extraction
does not produce the same effects as Cav-1 gene disruption [34,35].
Given the comparative sizes of the whole cell outward and
inward currents measured in these coronary artery myocytes
(10–15-fold larger outward current at 0mV), it is clear that there
is a strong hyperpolarising drive and suppression of excitability
in these cells which will be increased with cholesterol depletion
and/or caveolar disruption. This hyperpolarisation of the smooth
muscle cells will decrease the opening of the voltage-dependent
Ca2+ channels and would be expected therefore to reduce the Ca2+
signal produced in coronary arterial myocytes by agonists working
through this pathway, i.e. stimulating Ca2+ entry. Support for such
a mechanism comes fromwork on cerebral artery from Cav-1 deﬁ-
cient mice; diminished membrane depolarisation and Ca2+ inﬂux
in response to vascular pressure increases and attenuated vasocon-
striction were reported [36]. This indicates a physiological role for
caveolae in mediating the myogenic response, and for their dis-
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uption to decrease Ca2+ entry in response to certain stimuli. The
echanism is however unlikely to explain the decreased response
oET-1, as this is not considered tobemediatedbyL-typeCa2+ entry
37–39] and as discussed below effects on other entrymechanisms
re likely to underlie ET-1 Ca2+ responses.
Cholesterol extractiondidnot affect the release of Ca2+ fromRyR
n the SR, as demonstrated by the unchanged caffeine responses.
lthough the SR membrane is low in cholesterol and MCD is not
eadily able to cross the plasma membrane, loading of the SR with
a2+ due to an elevation of basal Ca2+ and an increased response
o caffeine (and cirazoline) post-MCD, was reported in tail arteries
16]. We found no sustained rise in basal Ca2+ or increased caf-
eine response subsequent to MCD. The reason for the sustained
levation of basal Ca2+ in tail artery is unclear but it may be due
o the much longer exposure (1h) to MCD that was used by Dreja
t al. Thus the reduced Ca2+ signals in response to 5-HT and ET-1
hat we ﬁnd are unlikely to be accounted for by an alteration in SR
uminal Ca2+ content or RyR-mediated SR release. This therefore
eads to the suggestion that it is Ca2+ entry mechanisms (but not
ia direct effects on L-type Ca2+ channels) and/or IP3-mediated SR
a2+ release mechanisms that are impaired. Cav-1−/− mice, which
acked caveolae and exhibited impaired Ca2+ signalling in vascular
mooth muscle [40], also had no difference in L-type Ca2+ channel
unction or SR load between knockout and control animals [30];
ndings which are consistent with our data and conclusion.
Via activation of phospholipase C, 5-HT, ET-1 and PE all cause
rise in IP3 and release of Ca2+ from IP3-sensitive intracellular
tores [39,41,42]. Subsequent depletion of SR Ca2+ may trigger
tore-operated Ca2+ entry in order to replenish the store (see Ref.
43] for review). Our experiments carried out with MCD in the
resence of nifedipine demonstrated that the remaining 30–40%
f the Ca2+ entry response to 5-HT was also reduced by cholesterol
xtraction. These data suggest that, in this tissue, store-operated
hannels (SOC; such as TRPC1) and/or receptor-operated channels
ROC; such as NSCC1 & 2 or TRPC3 & 6) are activated by 5-HT and
re susceptible to the effects of cholesterol depletion.
The above discussion points to distinct mechanisms within the
yocytes that may be affected by caveolar disruption with MCD
reatment. Although the effects of cholesterol extraction need not
ll be via caveolae disruption, we have focussed on this to simplify
he discussion. We found that extraction of membrane cholesterol
educed the Ca2+ signals produced by 5-HT and ET-1, but not those
f PE. The contractile responses to 5-HT and ET-1 are mediated
y the 5-HT2A and ETA receptors, respectively, both of which have
een reported to localise to caveolae (5-HT2A: [16,17,44] and ETA:
16,18,45]), and thus effects of caveolar disruption on these recep-
or signalling pathways would be expected to underlie the effects
fMCD. For 5-HTwe showed that around 60% of the rise in [Ca2+]i it
roduces is due to L-type Ca2+ entry, as it was inhibited by nifedip-
ne. This component of the Ca2+ signal will therefore be sensitive
o MCD and cholesterol oxidase as outward current is increased.
he remaining, i.e. non-L-type, Ca2+ entry is due to receptor-
perated and store-operated channels. As discussed above our data
how that these entry mechanisms are also sensitive to MCD. The
esponse to ET-1 is dependent on extracellular Ca2+, but not sen-
itive to blockade of L-type Ca2+ channels. Instead, the response is
ediated by a mixture of SOC and ROC channels [37–39,45–47]. In
at tail artery, the cholesterol depletion-mediated reduction in ET-
response was due to the disruption of the caveolar localisation of
he TRPC1 channel and the subsequent inhibition of store-operated
a2+ entry [45]. Thus, the inhibition of the ET-1 response by choles-
erol depletion in rat coronary artery is likely due to inhibition of
OC and/or SOC pathways.
The response to phenylephrine was not decreased and in fact
as slightly increased after exposure toMCD treatment in rat coro-
ary arterial myocytes, with robust Ca2+ signals being maintained
[cium 47 (2010) 84–91
after cholesterol depletion. The simplest explanation of our PE data
would be that its receptors, 1-adrenceptors, are not present in
caveolae and hence their disruption does not change their efﬁ-
cacy. There is some evidence to support this, i.e. this receptor does
not localise to caveolae and that the PE response is insensitive to
cholesterol depletion; [16,48,49] but other studies have observed
a reduced response to PE after exposure to MCD [28,50,51]. The
differences may reﬂect tissue and species differences. Our data are
consistent with, but do not prove, the suggestion that in rat coro-
nary artery the1-adrenoceptor predominantly has a non-caveolar
localisation and its signalling is not greatly affected by membrane
potential and Ca2+ entry, and hence is little affected by cholesterol
manipulation. It may be that in rat coronary artery myocytes the
SOC and/or NSCC currents activated by PE differ from those acti-
vated by ET-1 and 5-HT and in addition to 1-adrenoceptors not
being localised to caveolae, this provides a clear difference between
the signalling pathways of 5-HT and ET-1 (sensitive to cholesterol
depletion) and PE (resistant to the effects of cholesterol depletion),
which otherwise activate many of the same signalling pathways.
The small increase in Ca2+ response foundmaybedue to redistribu-
tion of a small caveolar 1-adrenoceptor pool to this non-caveolar
domain, or other factors favouring coupling between the receptor
and Ca2+ signalling.
This study has shown that modiﬁcation of cell membrane
cholesterol levels in rat coronary artery smooth muscle cells in
situ causes agonist and stimulus-speciﬁc alteration of [Ca2+]i sig-
nalling and differentially regulates ion channel function. These
data increase the evidence that cholesterol plays an important role
in the maintenance of myocyte signalling processes. Increasingly
caveolae are being implicated in the genesis of a variety of dis-
ease states, ranging from cardiovascular and neurological diseases
to cancer and immune system failures (see Ref. [52] for review).
Clearly further work is required to fully understand the role of
cholesterol/caveolae in modulating cell signalling in smooth mus-
cle and other cell types andmay in future provide the basis for new
therapeutic interventions in these emerging ﬁelds.
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